Abstract. Spatial aggregations arising from social behavior or habitat patchiness are common in nature and have important implications for population dynamics, community stability, and conservation. Distinguishing between these behavioral and environmental causes of pattern is of general interest to spatial ecologists and continues to be a key unresolved issue. Despite the importance of this problem, systematic approaches for resolving the underlying mechanisms are not well developed. We demonstrate here the value of a three-tiered systematic approach involving descriptive spatial sampling, individualbased observation and diffusion modeling, and manipulative field experiments. We used this approach to test social-vs. habitat-driven hypotheses explaining spatial aggregation in the collembolan Orchesella hexfasciata. Our results show that aggregation is a gregarious behavior triggered by seasonal increases in soil moisture. Initial field observations suggested that aggregation was habitat driven and associated with soil moisture, but individual-based observations and modeling revealed that moisture was only a triggering mechanism for socially driven aggregation. This was corroborated in field experiments by testing hypotheses that were motivated by the individual-based analyses. Thus, the three-tiered approach led to a more complete understanding of aggregation than would any single technique.
INTRODUCTION
Most animals are locally clustered in their distributions across landscapes. Well-known examples include ungulate herds, bird flocks, fish schools, spawning amphibians, and insect swarms. Attraction toward conspecific individuals is an underlying mechanism in these cases (Pulliam and Caraco 1984, Parrish and Edelstein-Keshet 1999) . However, nonsocial behaviors such as attraction to resources also are common and can trigger spatial aggregations that are superficially similar to socially driven patterns.
Theory has shown the stabilizing effects of spatial aggregation on population dynamics (Hassell and May 1974, Mangel and Roitberg 1992) . However, predictions from these models depend upon the degree of aggregation (e.g., overdispersion parameters) and are sensitive to the underlying mechanisms driving spatial patterns (Kareiva and Odell 1987 , Godfray and Pacala 1992 , Ives 1992 . Aggregation can arise from individual attraction to habitat features, resource concentrations (Kareiva and Odell 1987, Turchin and Kareiva 1989) or conspecifics (Allee 1931 , Okubo 1980 , Turchin 1998 . Attraction to habitat or resources can be driven by behaviors that maximize nutritional or physManuscript received 30 September 2004; accepted 4 Octoberiological condition (Belliure and Carrascal 1996) , minimize predation risk (Turner and Montgomery 2003) , or that represent a trade-off between these requirements (McPeek 1998 , Schmitz 1998 , Biro et al. 2003 , Trussell et al. 2003 . Behavioral attraction to conspecifics can arise as an evolutionary response to similar selective pressures but may have unique implications for spatial dynamics. Identifying which mechanisms drive spatial patterns is of general interest to spatial ecologists (Morales and Ellner 2002) and continues to be a key unresolved issue in explaining aggregation (Parrish and Edelstein-Keshet 1999) . Our goal here is to help remedy this shortcoming.
To this end, we use a combination of field sampling, modeling, and experiments to explore how different mechanisms contribute to spatial patterning. Many studies have used largely phenomenological approaches such as empirical functions and statistical distributions to describe spatial patterns (Taylor 1961 , Lloyd 1967 , Usher 1969 , Ives 1991 . These approaches have revealed the commonness of aggregation in nature and continue to provide important diagnostic tools for empirical studies (White and Bennetts 1996) . We began with a similar approach. Nevertheless, statistical descriptions do not reveal mechanisms causing spatial patterns. We gained this mechanistic insight using individual-based observation and diffusion modeling of animal movement (Okubo 1980 , Kareiva 1982 , Turchin 1998 ) under experimentally controlled environmental conditions. Taken together, these descriptive and ex-SPATIAL AGGREGATION IN SPRINGTAILS perimental approaches provided a powerful set of tools for developing explanations for aggregation that we tested subsequently in a factorial field experiment.
Many classic examples of spatial aggregation are from the Collembola (Elton 1927 , Davies 1932 , Joosse 1970 , Lyford 1975 , but causes for aggregation in this group are not well understood. Collembolans (springtails) are good candidates for studying the interplay between social and environmental mechanisms that lead to spatial aggregation because they are abundant in most terrestrial environments, have simple life histories, and live in habitats that are relatively easy to manipulate at the scale of experimental plots. We studied the collembolan Orchesella hexfasciata (Entomobryidae) in order to test specific theories and methods for understanding animal aggregation.
BACKGROUND

Natural history
Orchesella hexfasciata dominates the 1-5 mm arthropod community of leaf litter in Pinus strobus stands (eastern white pine) at our forest research site in northeastern Connecticut. We observed O. hexfasciata feeding on particulate matter visible on decaying P. strobus cones (megastrobili) and needles in the lab and found higher densities in P. strobus cones lying on the forest floor than in litter.
Moisture is considered the most important environmental factor in the local distribution of temperate forest springtails (Joosse 1981 , Verhoef and van Selm 1983 , Klironomos and Kendrick 1995 , Hopkin 1997 . Moisture is strongly correlated with soil temperature (Klironomos and Kendrick 1995) and the activity of microbial food resources (Christensen 1969) . Also, moisture may trigger a congregative response in springtails with primitive reproductive biology (Joosse 1970 ). In such cases, aggregation may affect fertilization success because females must locate spermatophores following deposition in the litter by adult males (Hopkin 1997) .
Predation risk may also play a role in springtail aggregation. Collembola are consumed by a wide variety of predators including amphibians (Lima and Moreira 1993) , birds (Hopkin 1997) , other Collembola (Rusek 1998) , chilopods (Poser 1988) , spiders (Wise 1993) , beetles, lizards, harvestmen, mites, pseudoscorpions, ants, and wasps (see review by Hopkin 1997) . On numerous occasions during sorting of litter samples, we directly observed predation on O. hexfasciata by spiders (Gladicosa gulosa and other lycosids), pseudoscorpions, and mites. We used the lycosid spider G. gulosa (forest wolf spider; Brady 1986) in experiments examining predator effects on aggregation. G. gulosa is a common litter inhabitant in forests throughout Connecticut (Kaston 1981 ) that consumes O. hexfasciata (J. S. Grear, personal observation).
Hypotheses for springtail aggregation
Spatial distribution in O. hexfasciata has not been described, even though aggregation has been reported for other Collembola (Poole 1964 , Hale 1966 , Joosse and Verhoef 1974 , Lyford 1975 . A few descriptive field studies have considered the behavioral basis for springtail aggregation (Hale 1966 , Usher 1969 , Joosse 1970 ), but experimental studies have been limited to laboratory environments (e.g., Joosse and Verhoef 1974 , Barra and Christiansen 1975 , Mertens and Bourgoignie 1975 , Bengtsson et al. 2002 . Several lab studies have focused on the role of pheromones in springtail aggregation (e.g., Verhoef et al. 1977, Leonard and Bradbury 1984) . Taken together, these studies suggest connections between springtail aggregation, moisture variation, reproductive behavior, and conspecific attraction, but they do not consider the effects of environmental patchiness or predators on spatial patterns in the field.
We tested two groups of hypotheses to explain aggregation patterns observed in the field. These hypotheses, which arise from the above discussion of springtail natural history and aggregation, invoke either patch driven or socially (congregation) driven mechanisms. 
Estimating aggregation in the field
Evaluations of springtail aggregation often involve goodness of fit tests with the Poisson distribution (Poole 1964 , Diggle 1983 , Usher and Booth 1986 . Departures from the Poisson in the direction of clumping (i.e., spatial aggregation) are typically modeled using the negative binomial distribution (Bliss and Fisher 1953 , White and Bennetts 1996 , Hilborn and Mangel 1997 . We used the Poisson and negative binomial as competing models of springtail distribution in the initial descriptive part of this study.
Preliminary Tullgren funnel extractions (Kempson et al. 1963 ) and hand sorting of litter indicated considerable variation in density at the scale of decimeters and relatively limited variation below that scale. Therefore, we set up two five-by-five pitfall trap grids in a stand of white pine to assess aggregation at this scale. Traps were spaced 30 cm apart. Each trap consisted of a 25 mm diameter replaceable plastic container inside of a plastic outer sleeve. Neoprene disks were suspended over each trap to reduce rainwater intrusion. Once per month from November 2000 to October 2001, traps were opened, partially filled with ethylene glycol, and removed after two weeks. Traps were not opened in January or February of 2001 due to heavy snow cover. Four hundred trap samples were collected and removed to the lab where O. hexfasciata were counted under a dissecting microscope (10 samples were discarded due to flooding). We tested for spatial aggregation using a likelihood ratio test to compare the fit of Poisson and negative binomial models to pitfall array data. We used generalized estimating equations (Liang and Zeger 1986; GENMOD procedure, SAS Institute 2001) for repeated measures analysis to estimate these likelihoods and to assess the importance of date and plot effects on trap captures.
To evaluate variation in spatial dispersion that occurred in the six months leading up to the observed August peak (see Results), we computed likelihoods and Akaike's Information Criteria (AIC) for a series of nested log-linear mixed models:
where m and k are the mean and dispersion parameters of the negative binomial distribution, t is month, and b 0 and b 1 are intercept and slope parameters. These models used trap-specific random effects (u) to account for the expected correlation between repeated monthly samples from each trap (Booth et al. 2001; NLMIXED procedure, SAS Institute 2001) . We compared several models with varying constraints on k: k ij , k i. , k .j , and k . . . The dispersion parameter k can only be used as an index of aggregation when m remains invariant between sampled populations (Krebs 1989) . Since m varies among our monthly sampling dates, we decided a priori to use the coefficient of variation for the negative binomial as an aggregation index (see Results for a post hoc comparison of this CV index to other aggregation indices):
Ίm k Using Monte Carlo simulations and resampled field data, we found that the sampling distribution for this index was well approximated by a gamma distribution. Statistical analyses of CV therefore used the gamma as the underlying distribution. We examined relationships between monthly pitfall data and soil moisture indirectly using the Brook90 hydrologic model (Federer 1995) to generate daily moisture estimates for the upper 8 cm of the soil profile. Model inputs were daily temperature, precipitation, and wind speed data recorded at a nearby meteorological station in Willimantic, Connecticut for November 2000 to October 2002 (National Weather Service, available online).
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Moisture effects on movement and aggregation
Moisture may drive springtail spatial aggregation by creating habitat patchiness or by acting as a cue for gregarious behavior. Before testing these hypotheses in the factorial field experiment, we first examined the effects of moisture on (1) individual passive (i.e., density-independent) movement in the lab; (2) displace-SPATIAL AGGREGATION IN SPRINGTAILS ment following point releases in field mesocosms; and (3) passive and aggregation-limited diffusion in the lab.
Individual-based observation of moisture effects on density-independent movement.-We examined effects of moisture on density-independent movement using release experiments on plaster substrates. Prior to releases, the plaster was either left dry (n ϭ 18) or moistened with water (n ϭ 17). Our analyses focus on displacement from the release point and total path lengths. Under the assumptions of a simple random walk, the square of displacement distance increases linearly with the number of moves (Okubo 1980 , Turchin 1998 . We tested for effects of moisture on squared displacement rates after accounting for correlation among repeated measurements along the paths of each individual (MIXED procedure; SAS Institute 2001). To evaluate possible differences in movement activity, we also compared total path lengths for the two treatments using a simple t test with equal variances (F test for equality of variances: df ϭ 17, 16, P ϭ 0.9811). See Appendix for additional details.
Release-recapture experiment.-We used circular field enclosures (0.5 m diameter) with homogeneous litter to test for effects of moisture on displacement of O. hexfasciata from release points. Eight rectangular sticky traps (3 ϫ 2 cm) were installed at 10 cm radial distance from the center of each enclosure and flush with the surface of the sifted litter.
We used two moisture levels (control and moistened) and three duration levels (1, 2, and 4 d) in this 2 ϫ 3 factorial experiment. Five blocks were used in a randomized complete block layout, resulting in 30 experimental units. The duration treatment factor was included to accommodate uncertainty in expected rates of springtail movement in the enclosure settings. We added approximately 84 springtails (see Appendix) to each enclosure at the beginning of the experiment. The response metric was the sum of captures from all eight traps. We used generalized linear modeling with Poisson-distributed errors (GENMOD procedure; SAS Institute 2001) to assess main effects and interactions between moisture and time. The hypothesis being tested was that, if displacement is slower in moist conditions, then fewer springtails would be captured in moist enclosures. See Appendix for additional details.
Modeling effects of moisture on conspecific attraction in the lab.-Pitfall traps in the field revealed seasonal patterns in aggregation that coincide with changes in soil moisture predicted by the hyrdrologic model (see Results). Therefore, we examined potential effects of moisture on conspecific attraction using release experiments on plaster substrates. Techniques were similar to those described in the previous section, except that we used 10-s intervals and a larger arena (0.25 m 2 ) made of plaster drywall. We first recorded density-independent movement in dry and moist conditions in this new setting. To observe movement in the presence of conspecifics, we repeated the above procedure but recorded the path of one individual in the presence of nine conspecifics. The single and multiple releases were each conducted six times on both dry and moistened plaster, giving a total of 24 recorded paths. Each individual was used only once.
We used the following advection diffusion model to examine ways in which observed movement behaviors could translate into aggregated density distributions (Goel and Richter-Dyn 1974, Turchin 1998 
where u is density at spatial position x. The first term on the right hand side describes bias up the population gradient proportional to the bias coefficient (␤); the last term is the diffusion process proportional to the diffusion coefficient (D). Bias and diffusion in this model can be viewed as counteracting processes. The solution under the conditions used in our study (center point release; zero at x ϭ ϱ) is a Gaussian distribution for u(x). As t becomes large, the variance of the distribution stabilizes as follows (Turchin 1998) :
Taking the square root of both sides (i.e., standard deviation) gives the radius of the area expected to contain 67% of the released population. Diffusion constants for dry and moist conditions were estimated using the single-release observations of density-independent movement (D ϭ mean squared displacement/[4 t]; Turchin 1998). This gives the same result as setting ␤ → 0 in the solution to Eq. 3. Using these diffusion estimates and the spatial variance from group-release observations of density-dependent movement ( ), we solved Eq. 4 for ␤ under dry and 2 t moist conditions.
Spider effects on behavior
We examined the possibility that springtails move into P. strobus cones on the forest floor to avoid predation, causing the high densities of O. hexfasciata we observed in these cones. In a simple laboratory experiment, we used the distribution of fecal pellets (frass) within P. strobus cones as a proxy for measuring effects of predators on springtail distribution. This followed observation of a clear effect of controlled springtail density (x) on frass counts (y ϭ 3.318 ϩ 9.237x, R 2 ϭ 0.6429, df ϭ 11, P ϭ 0.0010; see Appendix). We used 12 250-mL glass jars with a 1-cm layer of plaster of paris, the distal half of a single P. strobus cone, and eight O. hexfasciata in each. A single lycosid spider was added to six of these jars and the experiment ran for one week. We summed frass counts from the clearly distinguishable inner tip region of six cone scales from each jar. We also counted frass on a second area, or ''inner region,'' consisting of the scale midrib and a band proximal to the tip region. This allowed separation of springtail positioning responses from spider-induced effects on overall activity by incorporating total frass counts (sum of tip and inner regions) as a covariate in the comparison between spider treatments. We predicted that spiders would cause a shift away from the distal scale tips.
Field experiment
We tested for effects of moisture distribution, lycosid predators, and cone distribution on springtail distribution in forest litter using a three-factor enclosure experiment in a P. strobus stand at Yale Myers Forest. We used three moisture treatments (control, patch, and uniform), two predator treatments (stocked and not stocked) and two cone treatments (patch and uniform), resulting in 3 ϫ 2 ϫ 2 ϭ 12 treatment combinations. We applied these treatments in 0.5 ϫ 0.5 m square enclosures arrayed in a 12 ϫ 12 latin square design so that each row and column in the array of 144 enclosures contained all 12 treatment combinations. Enclosures were constructed from 20-cm aluminum flashing and installed to a depth of 5-7 cm. The experiment ran from 12 July to 5 September 2002.
Closeable pitfall traps were installed at the center of each of the four quadrants in each of the 0.5 ϫ 0.5 m square enclosures. We applied water treatments to the enclosures using a backpack sprayer. In the patch treatment, ϳ50 mL were evenly sprayed into a randomly assigned quadrant (the same quadrants were watered throughout the experiment). In the uniform treatment, each of the four quadrants received ϳ50 mL. Watering was repeated throughout the experiment two days after either the previous watering visit or the most recent rainfall, so that drying periods for watered areas never exceeded two days. This resulted in 17 watering visits scattered over the 54-d duration of the experiment. Each water application was roughly equivalent to 0.8-1 mm of rainfall over the watered area (Ͻ1 L/m 2 ) and was intended only to moisten the surface litter.
Predator treatments were applied by adding a single G. gulosa spider to each of the ''stocked'' enclosures.
We captured these spiders in white pine stands within Yale Myers Forest less than 1 km from the experimental site. During subsequent visits to the field site, we haphazardly observed surviving spiders in 37 (Ͼ50%) of the 72 stocked enclosures at least two weeks into the experiment. We used defaunated P. strobus cones in the cone treatments. In the patch treatment, four cones were placed in a single quadrant of the enclosure. A single cone was placed in each quadrant for the uniform treatment.
Traps in all enclosures were opened on 5 September and retrieved on 10 September 2002, about eight weeks after treatment applications began. Trap captures were counted under a dissecting microscope. Litter and cones were separately removed from all enclosures in the first three rows of the array to allow estimation of total enclosure abundance using Berlese funnel extraction. These abundances allowed estimation of per capita capture rate.
Spatial aggregation.-By including four traps in each enclosure, we were able to test for effects of treatments on distribution of springtails (Table 1) . Based on field data, we used the negative binomial distribution (see Estimating aggregation in the field) to model distributions within enclosures (n ϭ 4 samples per enclosure). For each enclosure, we estimated m, k, and CV (central tendency, dispersion, and coefficient of variation) by maximizing a likelihood function (Appendix) of the negative binomial (NLP procedure; SAS Institute 2001).
We used CV as the aggregation response variable in statistical analyses. CV is a dimensionless estimate relating dispersion to central tendency and is positively related to clumping. In our experiments, a high CV indicates clumped distribution among the four traps within each enclosure. Based on results of the Monte Carlo simulations described above, we modeled CV error with a gamma distribution in a generalized linear model (GENMOD procedure; SAS Institute 2001, Schabenberger and Pierce 2002) . We used this model to evaluate the effects of treatments on CV (i.e., clumpiness) of O. hexfasciata spatial distribution.
SPATIAL AGGREGATION IN SPRINGTAILS
Total trap counts.-We used the sum of all four traps in each enclosure (N ϭ 144) to examine numerical effects of treatment factors on trap counts. As described in greater detail under Estimating aggregation in the field, we used a likelihood ratio test to compare fit between the Poisson and negative binomial as underlying distributions for analysis of treatment effects on total trap counts (GENMOD procedure; SAS Institute
2001)
Per capita capture rate.-Effective sampling area is difficult to determine for pitfall trapping techniques (Gist and Crossley 1973) due to the effect of animal activity on per capita capture rate. Trap counts reported here are not intended for direct estimation of absolute densities in the field, but we do make comparisons between treatments. Thus, we assessed treatment effects on per capita capture rate in a subset of the field enclosures.
We used the three rows of enclosures for which we obtained counts of O. hexfasciata in the litter and P. strobus cones (N ϭ 36) to examine water and spider effects on capture rate. We tested for effects of these treatments on total trap counts (sum of traps 1-4), but included total enclosure abundance as a covariate in the model (sum of trap, cone, and litter counts). This allowed assessment of whether treatments caused higher trap captures after controlling for total O. hexfasciata density. Covariance-adjusted trap counts were normally distributed, so we used analysis of variance to test for treatment effects (GLM procedure; SAS Institute 2001).
RESULTS
Estimating aggregation in the field
The negative binomial model provided a significantly better fit to the monthly pitfall trap data than did the Poisson (likelihood ratio test, G ϭ 852, df ϭ 1, P Ͻ 0.0001), so subsequent analyses were performed with the negative binomial as the assumed underlying distribution. Plot and month of sampling significantly contributed to the model estimated by repeated measures analysis (for plot effect, 2 ϭ 11.07, df ϭ 1, P ϭ 0.0009; for date effect, 2 ϭ 33.46, df ϭ 9, P ϭ 0.0001).
There was an exponential increase in O. hexfasciata captures within the period from March to August 2001 (Fig. 1) . Based on Akaike information criteria (1201, 1192, 1192, 1190 for k ij , k i ., k. j , and k.., respectively), none of the log-linear models provides a better fit to the data than the one with k reduced (i.e., k.., a single dispersion parameter across all months and plots). Since m increases from March to August, the estimated coefficient of variation (CV) decreases, revealing a decreasing degree of spatial clumping in the O. hexfasciata count data during this period. This trend is also clearly evident from monthly histograms (Appendix) and from unconstrained estimates of m, k, and CV using maximum likelihood separately for each month x plot combination (Fig. 1) .
Visual comparison of soil moisture predictions from the Brook90 hydrologic model and monthly CV estimates for springtail distribution (Fig. 1) indicate that the higher and less variable soil moisture levels predicted for winter coincide with periods of highest springtail aggregation.
Moisture effects on movement and aggregation
Individual-based observation of moisture effects on density-independent movement.-The slope of net squared displacement against time was greater for dry than moist conditions (P Ͻ 0.0001; Appendix). Slope estimates are 0.4 m 2 /h and 0.2 m 2 /h for dry and moist conditions, respectively. Total path lengths did not differ significantly between treatments (df ϭ 33, P ϭ 0.5467). In a post hoc equivalence test (Dixon 1998 ), a null hypothesis of no effect also could not be rejected (Appendix), so there is insufficient statistical power to draw conclusions about the role of total movement activity on the observed displacement differences. Displacement can also be affected by the directionality of movement, which appears to be slightly lower in moist conditions (Appendix).
Release-recapture experiment.-The number of captures in the field release experiment was significantly affected by both moisture ( Fig. 2 ; likelihood ratio test, 2 , df ϭ 1, P ϭ 0.0076) and duration (df ϭ 2, P Ͻ 0.0001), with moistened enclosures having a lower capture rate (4.6 Ϯ 0.6 [mean Ϯ 1 SE]) than dry controls (6.9 Ϯ 0.7). There were no significant interactions between moisture and duration (df ϭ 2, P ϭ 0.1762). We interpret these results as evidence that individuals in dry areas disperse more rapidly than those in moist areas. We suspect that the negative effect of duration was due to reduction in trap stickiness caused by a rainfall event that occurred during day 2 of the experiment.
Modeling effects of moisture on conspecific attraction in the lab.-Diffusion coefficients estimated from observations of individual movement in dry and moist laboratory environments are D ϭ 0.272 and 0.209 (m 2 / h), respectively. These results are consistent with other observations of higher displacement under dry conditions. The estimate of ␤ for the moist treatment (0.032) is about twice that of the dry environment (0.014), so there is evidence that attractive bias is stronger in moist environments (Fig. 3) . Also, there is slightly greater directionality of movement under dry conditions, as seen in the first release experiment in the smaller arena.
Spider effects on behavior
Spider treatments had a significant effect on the distribution of O. hexfasciata frass within P. strobus cones in the jar experiments after incorporating total pellet counts as a covariate (P ϭ 0.0002). Mean pellet counts on outer regions were 17.8 Ϯ 4.6 (mean Ϯ 1 SD) and FIG. 1. Soil water volumetric content, Orchesella hexfasciata trap captures, and coefficient of variation (CV) for Orchesella hexfasciata trap captures, and Gladicosa gulosa life cycle. Soil water content is estimated for upper soil horizons (8 cm) using the Brook90 hydrologic model (Federer 1995) with 2000-2002 precipitation data from Willimantic, Connecticut, USA (see footnote 3 for source). Trap captures are total O. hexfasciata counts per trap; separate lines are drawn for means from each of two plots (N ϭ 25 per plot). CV is estimated from trap data using negative binomial distributions. The G. gulosa life cycle is from Brady (1986). 39.8 Ϯ 9.3 for spider and no spider treatments, respectively. Thus, there were fewer fecal pellets on the more exposed tip region of cone scales in the presence of spiders.
Field experiment
Spatial aggregation.-Effects on CV (i.e., aggregation) estimated from fitted negative binomial distributions were significant (H 0 ϭ no effect on fitness of model) only for the water treatment and the column blocking factor (water, P ϭ 0.0051; column, P ϭ 0.0100; row, P ϭ 0.1808; all other effects and secondorder interactions P Ͼ 0.45; Appendix). Estimates of CV were significantly higher for the uniform water treatment than for both patchy ( 2 ϭ 7.53; P ϭ 0.0064) and control treatments ( 2 ϭ 8.12; P ϭ 0.0045). Control and patchy treatments did not differ significantly ( 2 ϭ 0.04; P ϭ 0.8320). The gamma distributions used to model errors in this test provided a good approximation to observed CV distributions (Fig. 4) .
We found similar patterns of aggregation among watering treatments in a post hoc analysis of enclosure data using the standardized Morisita's index of dispersion (I p ) and Green's coefficient (C g ), both of which are considered insensitive to population density (Krebs 1989) . Using I p , the percentage of enclosures in which distributions were significantly clumped (i.e., I p was above the 95% confidence limit for randomness) were 42, 54, and 60 for control, patchy, and uniform watering treatments, respectively. Green's coefficients for control, patchy, and uniform treatments and their bootstrapped 95% confidence intervals are 0.02 Ϯ 0.01, 0.05 Ϯ 0.03, and 0.08 Ϯ 0.04, respectively.
There was an absence of cone effects on spatial distribution, which contrasted with our expectations from preliminary fieldwork and the observed effects of spi- ders on within-cone distribution in the lab. This may be the result of untested cone effects on stopping probability of moving springtails (orthokinesis). There was a strong positive relationship between trap captures and local cone density around each trap, but our experimental design was neither intended nor suitable for a statistical test of this relationship.
An important factor to consider in trapping studies of aggregation is whether the removal effect of traps on density is sufficiently large to counteract the aggregation response. In particular, this would complicate our interpretation if there were treatment-specific effects on removal. However, such effects appear to have occurred only in the case of spider treatments (see Per capita capture rate).
Total trap counts.-The negative binomial provided a significantly better fit to the data than the Poisson (G ϭ 1759.75, df ϭ 1, P Ͻ 0.0001), and was therefore used as the underlying distribution in subsequent analyses of total counts (sum of traps in each enclosure). Predator and water treatments (Fig. 5) and the column blocking factor all had significant effects on total O. hexfasciata trap captures; there were no significant interactions or cone effects (water, P ϭ 0.0287; spiders, P ϭ 0.0155; column, P ϭ 0.0018; all other effects and second-order interactions, P Ͼ 0.24; Appendix). Enclosures containing spiders had higher capture rates (89.1 Ϯ 4.8 [mean Ϯ 1 SE]) than those without (74.1 Ϯ 4.1). In comparison to the water treatment control (83.0 Ϯ 5.3), the patchy treatment was higher (90.8 Ϯ 5.8) and the uniform treatment was lower (71.1 Ϯ 5.7), but only the patchy and uniform treatments differed significantly from each other (Fig. 5) .
Per capita capture rate.-The analysis of covariance using the subset of 36 enclosures for which we obtained counts from litter, cones, and traps revealed a significant effect of spiders on distribution among these sources (model, df ϭ 28, P ϭ 0.0143; spider effect, df ϭ 1, P ϭ 0.0008). Mean trap counts after covariate adjustment for total enclosure density were 41.7 Ϯ 22.9 (mean Ϯ 1 SD) in the no spider treatment and 70.9 Ϯ 25.2 in the spider treatment. Spider effects on distribution among habitats are also clearly visible in the raw data (Appendix).
No significant effects were detected for the watering treatment (P ϭ 0.8132), spider ϫ water interactions (df ϭ 2, P ϭ 0.3750), or row (df ϭ 2, P ϭ 0.0853). Mean proportions caught in traps (traps/[trap ϩ cone ϩ litter]) were 0.51, 0.55, and 0.52 for the control, patch, and uniform water treatments, respectively, suggesting a nonexistent or negligible effect of water on per capita capture rate.
DISCUSSION
Several striking relationships between population density and environmental patterns in our study system indicate that aggregation is not only the result of density-dependent movement, but that the underlying attraction between individuals changes with seasonally varying environmental conditions. The central challenge in reaching this conclusion was to tease apart active grouping behaviors from the indirect pattern- FIG. 4 . Histograms and fitted gamma curves for CV estimates from 144 enclosures that received (a) no water application, (b) patchy water application, and (c) uniform water application. CV was calculated from maximum-likelihood estimates of negative binomial distribution parameters using four traps in each enclosure. forming effects of environmental patchiness. We were able to discern the driving mechanism using a threetiered approach. First, we quantified the seasonal dynamics of spatial aggregation in the field. Next, we discerned potential explanations for aggregation patterns using individual-based observations and modeling in the lab. Finally, we tested these mechanistic explanations using experiments in natural field conditions (Table 1) .
Aggregated spatial patterns in our study were governed more by congregation-driven mechanisms than by environmental patchiness. That is, we observed stronger springtail aggregation within uniformly moist experimental field enclosures than in both the patchy and non-watered enclosures. A similarly positive relationship between overall moisture and aggregation is suggested by the initial study of seasonal distribution patterns, where there was a close match between winter aggregation and expected increases in soil moisture (Fig. 1) . Thus, it can be inferred from these observations and experiments that aggregation is a seasonal process of moisture-induced attraction between individuals (winter congregation hypothesis).
Although monthly precipitation at the study site is relatively constant throughout the year, seasonal reductions in evapotranspiration cause higher and less variable moisture levels on the forest floor during winter. Seasonal associations between aggregation and winter moisture observed in our study are consistent with winter aggregation patterns in other springtail species (Joosse 1970) that are thought to arise from seasonal reproductive demands.
On the basis of release-recapture experiments and lab observations of density-independent movement reported here, a reasonable argument would have been that aggregation of O. hexfasciata is a consequence of attraction to moist habitat patches. However, when we modeled constraints on diffusion due to conspecific attraction, individual attraction affected spatial distributions more strongly than moisture (Fig. 5) . This reduced role of habitat patchiness was further elucidated and confirmed by field enclosure experiments, where aggregation remained comparatively strong under uniform moisture conditions.
Predators have been shown to cause indirect positive effects on Collembola (e.g., Rooney et al. 2000) , possibly by removing intermediate predators. Our results initially suggested a similar effect since more springtails were caught in enclosures containing spiders. Only after examination of total abundance estimates from litter and cone extraction data did a simpler explanation become clear. Total abundance was lower in these spider enclosures even though trap counts alone were higher. Spiders thus caused an increase in per capita capture rate, which is not surprising given that the springing apparatus of springtails is probably a predation escape mechanism (e.g., Bauer 1985) . The positive effect of spiders on trap captures likely resulted from increased movement activity of springtails rather than indirect trophic effects. These results demonstrate that predator-induced behavioral shifts (e.g., Schmitz 1998) can cause sampling biases that should be considered in studies of indirect trophic interactions.
Lycosid spiders have been shown to exhibit type III functional responses (i.e., foraging efficiency increases with prey density) and possibly wasteful killing (reviewed in Wise 1993) . In such cases, attack rates increase with prey density with only minor effects of handling time. Since lycosids detect their prey by sensing movement (Foelix 1996) , the attack rate would be expected to increase when aggregated prey increase their movement, potentially reducing the benefits of herding as a strategy of risk-aversion in springtails. Thus, grouping behavior is not likely to dilute predation risk over most ranges of prey density (Foster and Trehern 1981, Pulliam and Caraco 1984) . These insights and the positive effect of spiders on per capita capture rate in pitfall traps provide evidence against the selfish herding hypothesis as an explanation of spatial distribution patterns in our experimental system. We found no evidence for or against the predation refuge hypothesis, which would include spider effects on aggregation or interactions with habitat manipulations. Spiders had a strong effect on positioning within P. strobus cones, but whether this would lead to larger scale habitat shifts remains unclear.
The moisture-induced changes in spatial distribution observed in this study resulted from the equivalent of roughly 17 mm of added rainfall over an eight week period in late summer (seventeen water applications; 1 mm per application). Average monthly rainfall for this period based on data from 1895-2002 is roughly 100 mm (available online from the National Climatic Data Center), 3 so the water treatments represented less than a 10% increase over typical conditions. The sensitivity of our field experiments to this modest water treatment suggests that seasonal shifts in rainfall distribution predicted by global climate change models could have considerable impacts on aggregation-driven components of springtail life history. Weather records for the last 60 years show increases of 2.5 to 7.6 mm per decade during the July to September period while increases for the November to January period range from 7.6 to 15.2 mm per decade (U.S. Temperature and Precipitation Trends, NOAA, available online). 4 This ongoing change represents a shift in rainfall distribution that far exceeds the manipulations to which springtails were so sensitive in our study.
We gave particular attention to conspecific attraction in this study for two reasons. First, changes in local density can depend on the number of conspecifics already present. Second, the clumpy spatial patterns that sometimes result from conspecific attraction can be misinterpreted as indicators of habitat preference or suitability, even when the habitat is uniform from the organism's perspective. Colonial seabirds, for example, are often absent from suitable nesting sites unless an adequate social stimulus is initiated.
Aggregation is a phenomenon that can be explained by a variety of mechanisms. For ecological processes such as species coexistence that are sensitive to these mechanisms, spatial modeling is a valuable and necessary step for revealing the behavioral basis of animal movement. As we show here, this step has become a tractable endeavor. With the ensuing knowledge of cause and effect, forecasting the outcome of ecological interactions relies less heavily on snapshot depictions of clumpy animal distributions.
